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SYMBOLS

b e frequency of oscillations, cycles per second
I moment of inertia, slugs ft2
k rotational spring constant ft. lb/radian
kl mechanical spring constant of model support system
ko eerodynemic moment coefficient such that -koe is that part of

. the aerodynamic moment proportional to ©
k2 kl * ko
P period of oscilletion, sec, equel to 1/f .
t time in seconds o
A reciprocal of the time constent for exponential decay, sec
u viacous demping coefficient, ft. lb. per radian per seeond
My serodynamic damping coefficient
By equivaient mechanical viseous damping coefficient for tare

damping
Ha s
o} angle of atteck of oscillating model
9 ,06,,6, ... ,6 ... successive maxima of ©, oceurring &t times
o 1’ 72 n N - o~ x
o, \Il, d2, 00 , n’ LI .
w angular velocity of prhase angle of the oseillation
P alr density in test section, slugs per cubic foot
v air velocity in ‘est section, feet per second
q dynspnic pressure = %DVC,_: lbs. per 8q. £t.
4 model reference dismeter, feet
2
2

S mode). reference eres = Eg-, £t
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DIFFERING SYMBOL CONVENTIONS

The serodynamic parts W, and k, of the damping and spring parame-
ters (due fo air forces), or damping in pitch and static stability
paremeters, are dimensional parameters related to corresponding non-
dimensional coefficients. Unfortunately, there are several definitious
of these coefficients used in range and missile literature and reports,
for rotationally symmetric missiles, including:

A, An serodynamic form closely resembling the coefficients

used by the aircraft industry, using CMa and Cy + Cy. for the static
a

q
stabllity and for the damping in pitch coefficients. This form 1s used
by the Naval Ordnance Laboratory5, many missile contractors for the
three services, and in earlier reports by the Ballilstic Research Labo-
ratories. . N

B. Exeactly the same symbols are used, for coefficiente Atffering
in sign for normel force coefficients and differing by & factor of 1/2
for coefficients related to angular velocitles, from the coefficients
referred to in A above. This type of coefficient is now used by NASA,
by Charles Murphy of BRL since 19576, and vas first‘used by a data report
of the Free Flight Aerodynamics Branch of ERLT in 1960.

C. The ballistic coefficients used in the theory of flight of

shells for many years by Fowler; Kent; Kelly, McSh&ne and Reno, and

others.




To define these coefficlents, let positive moment on the model
be a moment in the positive direction of measurement of the angle «
of pitch. The moment on the model due to aerodynamic forces is then

moment = -po& -koa
80 that positive H, means & moment opposing the angular velocity and
hence positive damping or absorption of energy, and positive ko nmeans
static stabllity, a moment toward the position a = O.
In terms of the A type coefficients, the mdment is
moment = %OVE(Sd) %%(Cﬁq+caﬁ) + %DVQ(Sd)QCQ&

while in terms of the B type coefficient,

o ] :
moment = 2pv2(sa) () (.2 + ¢.B) + (ZovD)sa)ac.® .
2 v M M, 2 M
.9 o4 e’
In terme of the ballistic coefficients,

moment = -deud Kﬁ + pvzdszM .

Relatione between the coefficlents are

1 A A B B 8 8! .
""( + C ) = (C + C ) R e = e V3
3 cmq My M, g * S Vet o
A B 8 8
© = C = — = - k
Ma Ma n KM vazdg o)



SUMMARY
This paper 1s & short discussion of the determination of dynemic
and static stability of a non-spinning missile in a wind tunnel. It 1is
assumed that the method used is to mount the model so that it is free
to osclillate, and to observe the time rate of decay of osclllations with

end without the wind on. ©Some of the sources of error are discussed.

TYPE OF TEST

It is assumed that the test is to study the dynaﬁic stability of
a non-spinning missile when flying at supersonic speeds. The axis of
oscillation during the test should be taken through the center of gravity
location of the prototype, since in free flight the center of grevity
travels nearly in a straight line for & steble missile (neglecting gravify).
The cgnter of grevity of the wind tunnel model should also be approxi-
metely on this axls of rotation, so that model oscillations do not ceuse
large sting oscillations. In order thét the aerodynamic demping be not -
masked by friction, the usual metho& is to use & crossed flexure pivot
instead of ball bearings in the pivot, although ball bearings are used
successfully. Some method is needed of obteining an electrical eignel
proportional to amplitude of angular displecement; resistance strain
gages work well on the flexures of a flexure pivot. This allows the
amplitude-time history of the anguler defleétion of the model to be

recorded. The time history of decaying oscillations is‘recorded both
8




with wind on, and with wind off (generally with the tunnel evacuated).
From these observations, it is hoped that the serodynamic demping which

would occur in free flight can be estimated.

GENERAL DISCUSSION
There is no good theory for calculating aerodynamic damping of
oscillations. In general, consider the force on the taill fin of &
missile or horizontel stebllizer tail surface of e plane 1nstan;tane-
ously &t zero pitch angle but with pitch angle r‘pidly increasing; this
teil surface then has a forward velocity equal to that of the plene,
end e ‘downwerd velocity equal to the distance back from the c.g. times
the angular velocity in pitch. This tall surfece effectively has &
positive angle of attack to the elr, and there should then be & pro-
portional 1ift (for small angles of attack). This 1ift on the tall
- surface furnishes a moment opposing the direction of engular Velocity
in pitch. From this crude reasoning, there is reason to expect an
aerodynamic moment, proportional to the time rate of change of pitch

angle and opposite in sign, thus resulting in a dissipation of energy.

If the missile is statically stable, there is an additional aero-
~ ;
dynamic moment tending to_restore it to the zerc angle of pitch position,
which for small angles may be directly proportional to the angle of

attack.




The equation of motion of a body oscillating about an axias with

'
.

angle of pitch @, moment of inertia I, restoring moment -k6 and with
damping moment -ué proportional to the angular velocity, is
(1) I8 + u& + k8 = O

which has the solution

(2) &= e (A sin wt + B cos wt)
where

K k1 ue
(3) A=5F o w=V’f‘];.‘£§

provided that p2‘:hkl .

This solution (2) is the well-known exponentially decaying
oscillation; the period or time for one oscilletion is
_ 2t . VGT
(%) P === 2nyy
since generally w is approximately equal to Vk/I, and the frequency of

oscillation is therefore approximately

(5) f = %EVZ7E-= /2 .

If eo, el, 82, 65, ..., are the amplitudes &t successive mexima

of © at the corresponding times t,, t,, t3, «esy then from (2)

Om - "')"(tm "tn) _ -A(m -n)P
(6) GE e e
80 that from (3) .
. £n(e /8 )
(7) _ o= 2In = 21 —m—Tp— . )
m n
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Since £n2 = 0.69315, we can also write

_1.38630 I
(8) e

where A¢2 is the time required for the emplitude to decrease t0 half

its original value. Also from (6), the ratic of successive maxima is

9 D
( 9 ) en+l - e- AL
n

so thet the ratio of successive maxima is & constant,

The total energy in the oscilleting system at any time is the sum
of the kinetic energy plus that stored in the spring,
1 2 1 2
E=53 18° + 5 ko“ ;
and at the tlmes of maximum amplitude when & = O, this becomes
(10) E, = 5 ko,® e"2AnF
at the end of the n*P pericd from the time of the occurrence of the

amplitude meximum 6, .

11



DISCUSSION ON THE ACTUAL LAWS OF MOTION

It is sometimes customary to assume that the damping, both the
aercdynamic and tare parts, is a moment proportional to 6 . Thus BRL
Report No. 1078 by H. E. Maloy (ref. 1) states that the motion of the
body may be expressed by the linear differential equation

1 & ' =
(11) + 10 + k8 =0

Here

Hy = B + 1y and k. = ko + k

2 1

where My and ko are aerodynsuic parameters, Hy and kl are mechanical

paranmeters. t is implied that these quantities Hor Hys ko, k. are

1
constant, so that the equation (11) can be integrated to give the
simple decaying sinusoidal solution. It is further assumed that with
the wind off, Hy and ko become zero, My and kl are unchanged, so that .

"the equation of motion becomes
(12) : . 16 + ulé + k6 =0
The hope is that by recording the curve of decaylng oscillations,
measuring frequency and rate of decay for wind on and wind off, one

can find Mo k, and Hy s kl; then by difference Ko and ko are found.

2
In ref. 1 Mr. Maloy noted that when he varied the moment of
inertia in the wind-off tests, the resulting tare damping varied with

frequency, and also to some extent with amplitude; he varied the

mogent of inertia of the model to get oy for a range of frequencies,

12




and used the value of My corresponding to the frequency of the wind-on

n to subtract from Hy in order to get oo the aerodynamic demping.

Of course these.resulta mean that (12) and (11) are not the
correct equations of motion; the correct equations of motion are not
linear differential equations with constant coefficients, which yleld
the results in Mr. Maloy's tests. An equation of the form (12) ylelds
a solution of general sinusoidel character with successive mexima of o
decreasing exponentially; but the converse 1s not necessarily true.
The fact that the successive maxima of ¢ decrease exponentially does
not at all imply that the differential equation of motion is like

equation (12).

When the moment of inertia of the model was changed during the
wind-off experiments end equation (7) or (8) used to find u, the
product pf turned out to be a constant, 56 that p varied inversely
as the frequéncy instead of being a constant. Thus for the cwrve
for u versus f in flg. 9, ref. 1, the prodﬁct ue 18 10 within the

*experimental accuracy. In a classified report (ref. 2) by M. A,
Sylvester at the BRL wind tunnel, over & wider range of frequency,

this constancy of the product uf vas even more striking.

-
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The energy of the oscillating model at any instant is composed
of two parts, 1/2 ke° (potential energy stored in the spring) and
1/2 I§2 (kinetic energy). During an oscillation there is a tramsfer
of energy from all potential energy at the extremes of anplitude to
all kinetic energy at the times when © = O, If the successive mexizs
cl, 02, 03, eee OCCur &t times T’l’ t.2, ti’ seey then the loss of

energy during the n® cycle is

' 2 2
(13) el L 'Jz:k(en “nel /

where k is the spring conatant.

From the fact that the amplitude of oscillations slowly decays
exponentially and that the product cf uf is & constent @&s I only is
changed, we have

(14) c = puf
21 en/ en+.'L £

2l A
c

-en 1
o s o) since At = 1/¢

1]
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~
o)

no

ISy
B
P
[
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Then from (13) this becomes

d n
C ==
;5 em»l(en*gxul_)

from vhich

and therefore

(15) AEn & Ux ™ En+l o

The form of this equation, 4E/E = a constent, 1s typical of functions
decreesing exponentially with time if the period is independent of
emplitude.

Thus the experimentai result seems to lead tq the result that the
energy loss per SI.C.Jﬁ is independent of the frequency or of the moment
of .1nertia.. This energy loss may be due to hysteresis in the springs;
such a possibility seems more probable than the assumption that the

tare damping moment is proportional to é .

If one assumes for the wind-off oscillations the following equation
(for a spring with hysteresis proportional to the amplitude)
(16) 16 = -k6+(sgn é)een where sgn 6 = 6/ 'Ol

for t € t<t ., 80 that

n n+l 1
+€0n for tn-( _t(tnd- §tc .
I8 + k6 = '

1
- =t
een for tn+ c< t<tn+

2 1
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then the energy loss per cycle 1is

-0 e
n n
AEn =‘/‘.(sgn G)GGndG = - Eende + GGnde
+© -8
n
. 2 . 8e
(1) tue0? 18w

Thus the loss per cycle 1s proporiional to En’ the energy present
at the beginning of the cycle. Thus it appears that the fact that the
sxplitude decreases exponentially does not mean that the demping is of
viscous nature (with a moment proportional to ). It 4s of course |
now evident that the aerodynamic damping moment &t any instant mey
be widely different in actual form from the assumption that it is
directly proportional to 6. Since it would be exceedingly difficult
to measure instantaneous velues of damping moment et different points
in the cycle of oscillation, it will doubtless continue to be the
custom to observe only integrated effects over & cycle or several
cycles, or to observe the time for oscillations to decay to half-

amplitude, and then to define a y as if the damping moment were u®.

GENERAL COMMENTS ON SOURCES OF ERROR
If crossed flexures are used &8s & pivot and spring combined, it
is very much better that this crossed flexure pivot be machined from
one plece of metal. The experience of the Ballistic -Reaea.r'ch Labora-
tories at Aberdeen, Maryland has been that it ie practically imposeidle

to agsemble a flexure pivot from simple flexures held together with

16




screws, dowels and cement in such a manner that the tare demping would
be reproducible over sevepal rune; there elways seems to be some

slipping et Joints, causing noan~repeatable energy losses.

The tare demping seems to partially depend on dalence-model,
balance-sting, end sting-angle oi" attack mechanism attachmente, so
that it seems to be necessary to mount the model in the tunnel to
neasure the tare damping, or at -least to mount model and sting on

the actuel angle of attack mechaniem of the tunnel.’

If mounted in the tunnel, the test section should be evecuated
to a very low pressure or results extrapolated to zero pressure to
remove the influence of surrounding still eir oun tare demping. How-

ever, this effect is usually small on most missile models.

The spring constant of a crossed-flexure plvot may depend on the
smount of load on the flexure and on its direction. In tests of high-
drag shapes such as some re-entry vehicles, this nmay be particularly
important. Thus the spring constant k must be measured under both

loeding conditions, wind-on and wind-off.

If ball-bearing pivots are used, the energy loss per cycle of

oscillation will certainly be & function of bearing laed; thls may

[y
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be true of losses due to hysteresis of the metal in crossed-flexure
pivots, if bearing loeds produce apprecieble strains in any port,

Thus the tare damping should be checked to see if bearing loads have
any effect on energy loss per cycle; if necessary, the tere damping
must be measured when the bearing loads ere the same &s in the wind-

on condition.

MODELS WITH VERY HLGH DAMPING

In some models, aerodynamic damping may be so great that there
are no oscillations after the model is released, or perhaps all
visible motion ceases after 2 to 5 oscillations.. In this case, one
can probably best make use of an analog computerh set to solve
equation (1). The moment of inertia of the model must be measured
and added to that of the movable part of the flexure pivot to get I,
and guesses at p and k inserted in the analog computer until the
solution is a good fit with the oscillogram of © vs. t obtained in
the wind tunnel test. It may be assumed that the equetlion of motion

is like equetion (11) except that the tare damping is negligible:

(18) 18 + ud + k6 =0
where k2 = ko + kl with kl the mechanical spring constant and where

koe is the aerodypnamic static stability moment.

18




If constants p &nd 12 can be found so that the enalog computer
solution of equstion {18) sgrees with the experimentelly recorded
decay of oscilletion amplitude in the tunnel, then u and ko = x2 -y
are the desired damping and static stability constants. If a good
" £1t between the integration of equation (18) with the experimentally
obtained damping curve cannot be obteined, then either the aserocdynamic
damping is not really proportional to pé , or the serodynsamlc static
stability moment is not proportional to k@ , 80 that the motion does

not obey & simple equation with constant coefficients like (18).

RECOMMENDED PROCEDURE FOR NORMAL MISSILE TESTS

1. Equipment Design

In the normal missile test, the damping will be iow enough so
that the model will execute a large number of oscillations before
the amplitude gete small. An essential requirement for a successful
test is that the tunnel flow be sufficiently quiet so that flow
irregularities will not keep the flexibly mounted model in motion.
Since the measured damping mey depend on the frequency, it 1s best
that the wave length of oscillation in model lengths in the wind
tunnel test be close to that in free flight--wave length being the
distance in model lengths of relative motion of alr to model for one
model oscillation. If the static stability of the model (ko) has

been measured in previous wind tunnel tests and the moment of inertis

19



of the prototype about its c.g. is known, then the expected frequency
and therefore wave length for the free flight of the prototype ig
known. Then in the wind tunnel tests for damping, the flexure pivot
(or other pivot) spring constant k, and the moment of inertia of the
model should be selected to give the same wave length of oscillations:
the period or time of one osclllation of the wind tunnel model in the

wind-on tests will be approximately from equation (4)

(19) P =2n VI/(ko+k) .

1

As stated earlier, it is recommendzd that crossed-flexure pivots
machined of one piece of metal be used. In éddition, great care needs
to be taken in model-flexure, flexure-sting and sting-base attachments,
50 that small slippages there will not cause unpredicteble energy
losses. Care should be taken in the strain-gage mounting amd dispo-
sition of the strain-gage lead wires, for the same'reason. The model
c.g. should be on or near the flexure axis, in order to reduce sting
motion. If the model contains any adjustable welghts, they must also
be secured in such a way that slight slippage cannot occur to cause

unpredictable or unrepeatable energy losses.

2. Tare Damping Experiments
Before running the wind-on teets, it is best to make a nuamber of

tare-damping recordings, to be sure that the tare losses are repeateble

and consietent. These should include removing and replacing the model
20




from the flexure, the flexure from the sting and the sting from the
tunnel between runs, until the tare damping runs are shown to be con-
sistent. %"The spring const;nt kl of the flexure pivot should be °
measured; it should be measured agaig wi;h the sting pointed verti.
cally upward and with weight edded to represent the wind-on exial

aerodynamic losad, to check if kl varies with axial load, and k, should

1
8lso be meesured with the same normal load &s the weight of the model

will apply in the windeon tests. In most ceses, k. will be found not

1
to vary arpreciably with loads.

Since the frequency will be different in the wind-on tests and
wind-off tests made with the same I , }i1 is necessary to establish
how the energy losses causlng tare damping vary with frequeney, so
that the tare portion of energy loss can be known in the wind-on
experiment. It is to be hoped that further experience will show the
same results apparently obtained in references 1 and 2, namely:

The tare energy loss per cycle is a constant fraction

of the energy stored in the spring at the beginning of the

cycle, independent of the I of the model and hence its

frequency. This is equivalent to the relation uf = constant
where p is the viscqys type damping constant giving the
obéerved rate of amplitude decay.

If sufficient experience permits this rule to be safely accepted, it

will no longer be necessary to carry out the tare damping tests at e

21



series of different values of I and hence at different frequencies,
as was done in references 1 and 2. The NASA method; of handling tare
dampling seems to be to compute the energy loss per cycle for the tare
damping, and to reduce the amplltude loss per cycle in the wind-on
runs by the corresponding amount to compute the corrected aerodye
namic damping. This method would be correct if the energy lose per
cycle in the wind-off tests is independent of frequency, as it seems
to be in our tests. Of course, the @ethod used in the past st HRI,
to find the tare damping at the same frequency as that in the wind-on
test, is also correct; although the “tare damping coefficient “l“

corresponds to a fictitious damping moment ulé or equivalent viscous

damping which would give the same rate of decay of osclllsations.

Data Reduction (tare damping): the observed successive maxima

of amplitude should be plotted on semi-log paper as a functlon of time,
in a region around the amplitude in which the eerodynamic damping is

to be later determined, or £4n Ol , n 6, , ... , In O , ..., should
: n

2
be plotted vs. time. The result should be nearly a straight line.

The best tangent line should be drawn to this curve, at the selected
amplitude. The time elapsed Amn for n cycles in this portion of the
curve will give the frequency 5

(20) = n/Amn cycles per second

)

T 22



Equation (5) can be solved for I to give

2
(21) I-= kl/(2nfl)
giving the moment of inertia of the model, and the (fictitious) tare

damping found from equation (7), as

.0

.21
(22) = — In

5%

If masses can be changed in the model to change the moment of
inertlia, then runs at different frequency should be reduced to check
if the fictitious damping constant obeys the relation

(23) T = constant as I varies.

3. Wind-on Damping Experiments

The decaying oscillation curves should be run, and reccrded via
oscillograph. Again, successive maxima of amplitude should be measured,
a plot made of Znen vs. time, and the best siralght line drawn in the
neighborhood of the desired amplitude (or the best straight line through

perhaps ten successive values of (Enei, t,) found by computers from

)
least squares methods). Then the frequency is found from
(o) £, = (mn)/(t -t )

s
s

and the combined spring constant (see equation (5)) is computed from

2

(25) K, = I(2nf,)”

2

By difference, the aerodyramic spring constant is found from

(26) X = x,-k




The combined damping constent u,-is found from (22) using wind-on
values of 61 and ti . Finally, assuming that the tare damping varies
inversely with frequency so that

Migfy = He X 5, s
where the subscript t denotes quantities measured during a tare run,

fw denotes the frequency during the wind-on run, and Mo is the

corrected equivalent viscous damping. ©Solving, this gives

and the final aerodynamic damping coefficient is computed from

(27) ho = Hp “Hyg = By mBpy T/T

gL S

T. L. SMITH

2L




CREDITS

Mr. Maurice A. Sylvester of the BRL Wind Tunnels Leboratory was of

much help in the preparation of this paper.

Dr. Charles H. Murphy of Exterior Ballistics Laboratory furnished
other helpful.suggestions in reviewing the paper, and was of great
essigttyice in furnishing information on the extent of usege of the

different meanings for the aerodynemic coefficients.




REFERENCES

Maloy, H. E., Jr. "A Method for Measuring Damping-in-Pitch of
Models in Supersonic Flow", BRL Report No. 1078, July 1959.

Sylvester, M. A, "Wind Tunnel Investigation of Longitudinal Static
and Dynamic Stability Characteristics of Five Missile Nose-Cone
Models at Mach Numbers 2.00 to, 4.00"(U), BRL Memorandum Report Wo.
1223, August 1959, CONFIDENTIAL.

Fletcher, Herman S. and Wolhart, Walter D. "Damping-in-Pitch and
Static Stability of Supersonic Impact Nose Cones, Short Blunt

Subsonic Impact Nose Cones and Manned Re=Entry Capsules &t Mach Numbers
from 1.93 to 3.05"(U), NASA, Technical Memorandum X-347, Langley
Research Center, Virginia, November 1960, CONFIDENTIAL.

Murphy, C. H. "Analog Computer Determination of Certain Aerodynamic
Coefficients", BRL Report No. 807, April 1952.

Nicolaides, John D. and MacAllister, Leonard C. "A Review of
Aeroballistic Range Research on Winged and/or ¥inned Missiles",
Ballistic Technical Note No. 5, Bureau of Ordnance, Department of
the Navy, Washington, D. C., 1955.

Murphy, Charles H. '"The Predictlon of Nonlinear Pitching and Yawing
Motion of Symmetric Missiles", Journal of the Aeronsutical Sciences,
Volume 24, No. 7, July 1957.

Boyer, E. D. "Free Flight Tests of a 10-Caliber Cone Cylinder",
BRL Memorandum Report No. 1258, April 1960.

26




No. of

Copiles Organizetion

DISTRIBUTION LIST

No. of
Copies

10

Chief of Ordnance
ATTN: ORDIB - Bal Sec
Department of the Army
Washington 25, D. C.

Commanding Officer

Diamond Ordnance Fuze Laboratories

ATTN: Technical Information
Office, Branch 012

Washington 25, D. C.

Commander

Armed Services Technical
Information Agency

ATTN: TIPCR

Arlington Hall Station

Arlington 12, Virginia

Commander

British Army Staff -

British Defence Staff (W)

ATTN: Reports Officer

5100 Massachusetts Avenue, N.W.
Washington 8, C. C.

Defence Research Member
Canadian Joint Staff

2450 Massachusetts Avenue, N.W.
Washington 8, D. C.

Of Interest to:

Mr. K. Oriick-Ruckemann

1

National Aeronautical Establishment

Montreal Road, Ottawa
Ontario, Canada

Chief, Bureau of Naval Weapons
ATTN: DIS-33

Department of the Navy
Washington 25, D. C.

Commanding Offiecer and Director
David W. Taylor Model -Basin
ATIN: Dr. S. De Los Santos

Head, Aerodynamics Lab
Washington 7, D. C.

Iy

27

Organization

Commanding Officer
Neval Air Development Center
Johnsville, Pennsylvania

Commander

Naval Ordnance Laboratory

ATTN: Mr. Fred De Meritte,
Chief Applied
Aerodynamics Division

Library
White Oak, Silver Spring 19
Maryland

Commander
U. S. Naval Missile Center
Point Mugu, California

Commander -
U. S. Naval Ordnance Test
Station
ATTN: Technical Library and
Editorial Section
Dr. H. R. Kelly
Dr. A. L. Bennet
China Lake, California

Superintendent
U. S. Naval Postgraduate School
Monterey, California

Cammander
U. S. Naval Weapons Laboratory
Lahlgren, Virginia

Commander

Air ¥orce Systems Command
ATTN: SCRR

Andrews Air Force Base
Washington 25, D. C.

Commander

Arnold Engineering Development
Center

ATTN: Deputy Chief of Staff, R&D

Tullshome, Tennessee



No. of
Copies

DISTRIBUTION LIST

No. of
Copies

Organization

Commsander 1
Air Proving Ground Center

ATTN: Technical Library

Egl:n Air Force Bac:, Florida

Director

Air University Library

ATTN: AUL (3T-AUL-60-118)
Maxwell Air Force Base, Alabanma

Ut

Commander
Aeronautical Systems Division
ATTN: Aeronautical Research Labs-
Dr. Roscoe H. Mills, Chief
WWFEA - Mr. D. Zonars
Wright-Patterson Air Force Base
Ohio

Commanding General

Frankford Arsenal

ATIN: Library Branch, 0270,
Bldg. 40

Philadelphia, Pennsylvania

Commanding General
Army Rocket & Guided Missile Agency 3
Redstone Arsenal, Alabama

Commanding General
White Sands Missile Range
New Mexico

Commanding Officer
U. S. Army Chemical Warfare Lsbs
Army Chemical Center, Maryland

Commanding Officer .

U. S. Army Research Office, (Durham)
ATIN: Dr. Galbraith

Box CM, Imike Station

Durham, North Carolina

28

Organization °

Director, Operations Research
Office
Department of the Army

"6935 Arlington Road

Bethesde, Maryland
Washington 14, D. C.

Director

National Aeronautics & Space
Administration

ATTN: Division Research Information

1520 H Street, N.W.

Washington 25, D. C.

Director
National Aeronautics & Space
Administration

Lengley Research Center
ATTN: Dr. A. Buseman

Mr. C. E. Brown

Mr. M., Bertram

Mr. C. Mclellen

Mr. J. Stock
Langley Fleld, Virginia

Director
National Aeronautics & Space
Administration
Lewls Research Center
ATTN: Dr. J. C. Evvard
Dr. A. Silverstein .
Mr. F. K. Moore
Clevelend Airport
Cleveland, Ohio
Director, Marshall Space
Flight Center '
ATTN: Ellery B. May
M - Aero - E, Bldg. 4732
Redstone Arsenal, Alabama




- DISTRIBUTION LIST

No. of No. of
Copies Organization Copies Orgeanization

Director 1
National Bureau of Standards

ATTN: Dr. G. B. Schubauer

232 Dynamometer Building

Washington 25, D, C.

Chief, Defense Atomic Support 1
Agency
Washington 25, D. C.

ARQ Incorporated
ATTN: R. Jackson - Manager,
GDF Supersanic Branch 1l
R. W. Hensel - Chief,
Propulsion Wind Tunnel
P. 0. Box 162
Tullahome, Tennessee

Boeing Alrplane Company
Pilotless Aircraft Division 1
ATTN: J. H. Russell
5 Chief Wind Tunnel Englineepy
P. 0. Box 3707
Seettle 24, Washington

Cornell Aeronautical Laboratory, Inc.
ATTN: K. D. Bird
Head, Applied Research
Hypersonic Department
L4455 Genessee Street
Buffalo, New York

Douglas Alrcraft Company, Inc.

El1 Segundo Division

ATIN: R. W. Bratt - Supervisor,
Aerophysics Laboratory

El Segundo, California

Grummen Aircraft Engineering
Corporation
ATTN: W. Gender - Head,
Wind Tunnel Group
Bethpage, Long Island, New York

Lockheed Alrcraft Corporation

California Division

ATIN: Paul Theriault - Mansger,
Wind Tunnel Department

P. 0. Box 551

Burbank, California

Lockheed Aircraft Corporation

Missile Systems Division

ATIN: Mr. Dan Bershader
Manager @Gas Dynamics

P. 0. Box 5Q4

Sunnyvale, California

Marquerdt Aircraft Company
Astro Division

ATIN: J. W. Braithwalite
16555 Saticoy Street

P. 0. Box 2013 South Annex
Van Nuys, California

CONVAIR
A Division of General Dynamics 1 McDonnell Aircraft Corporation
Corporation ATTN: R. E. Rohtert

ATTN: W. T. MacCarthy

Chief of Aero leboratories
B. 0. Box 1950
San. Diego, .California

Chance Vought Aircraft, Inc.

Chief of Gas Dynamics
Lambert - St. Louls Mugigipal
Alrport
P. 0. Box 516
St. Louls, Missouri

ATTN: R. C. McWherter - Chief, i NORAIR
Wind Tunnel labdoratories A Division of Northron
P. 0. Box 5907 Corporation

Dellas, Texas

29

ATTN: P. F. Jensen, Qeneral
Supervisor, Aero
Laboratory

1001 East Broadway

Hawthorne, California

.



No. of
Copies

DISTRIBUTION LIST

No. of
Organization Copies
North American Aviation, Inc. 1
Los Angeles Division
ATTN: W. Daniels, Jr., Section
Head, Aero-Thermo Labs
International Airport
Los Angeles 45, California
Republic Aviation Corporation 1l

ATTN: A. Cravero, Wind Tunnel
Project Engineer

Farmingdale, Long Island, New York

Sandia Corporation

ATTN: Alan Pope, Head , Aero
and Thermodynamics 1
Department

P. 0. Box 5800

Alburquerque, New Mexico

United Aircraft Corporation 1

Research Department

ATTN: James G. Davis, Head
Supersonic Wind Tunnelsg

East Hartford 8, Connecticut

Jet Prcpulsion lLaboratory

ATTN: William Howard, Chief 1
Wind Tunnel Section

4800 Oak Grove Drive

Pasadena 3, California

Massachusetts Institute of Technology

Naval Supersonic Laboratory 1

Department of Aeronautics and
Astronautics

ATTN: Prof. Joseph Bicknell

560 Memorial Drive

Cambridge 39, Massachusetts

30

Organizatiocn . 0

The Ohio State University  yoyee
Department of Aeronautica. ° vy
Engineering
ATTN: Dr. J. D. lee, Director
Aerodynamics Laboratory
Columbus, Ohio

Polytechnic Institute of Brooklyn

ATTN: Dr. Victor Zakkay, Assistant
Professor, Aeronautical
Engineering

527 -Atlantic Avenue

Freeport,. New York

Princeton University

ATIN: Professor Seymour M. Bogdonoff
Gas Dynamics Laboratory

Princeton, New Jersey

University of Michigan

Aeronautical Engineering Labs

ATTN: Dr. W. C. Nelson, Professor o
of Aeronautical Engineering

Fast Engineering Building

Ann Arbor, Michigan

University of Minnesota

Rosemount Aeronautical Laboratories

ATTN: S. T. Vick, Facilities
Engineer

Rosemount, Minnesota

University of Southern California

ATTN: J. H. Carrington, Chief
Engineer

Engineering Center

Los Angeles 7, California

Flytekniska Forsoksanstalten

ATTN: Dr. Georg Drougge, Head
Aerodynamics Department IT

Bromma, Sweden




*PIsSSNOSTP 3dB JOIIS JO $33JIN0Y

U3 JO SWOF *UO PUTA 3Y3 3NOUFTA PUB UFTA SUOTZVTLTOSO JO £803p JO 3I38I Sur3 3y}

9AI3SQO 03 PUB ‘33BTTTOSO 03 33IF ST 3T 3%Y3 OS TIpom ay3 FUNoW 01 ST P3SN DOOIaM

3y3 3VU3 paumss® ST 3] "TaUUN} PUTA B UT ITISsTH Butuurds-uou ® 3o £3TTI433S
973®3S puw oTweulp JO UOT}BUTWIIYSY a3} JO UOTSSNOSTP 3I0ys ® sF Jaded sTQL

I0day QATIISSYIONN ]
OHT T 0T2S “ON JSWO ‘600-¢0-¢QS "ON {oxd v

SOT3STI330BIBYD
S TwBuApOIsY
- a771ssT® Furuupds-uoN
squsawaJaneBay - A3TTTABLS

TEITATSSVIONN

I96T Junf 2GCT “ON 3roday owey THE

QI "1 g

SINAWNNSYIN AITTIEVIS OTWVNAQ]

DAY ‘SSTI0}BIOQET QOJBITIY DTIISTITEE|
*Of] UCTSSI0DY ay

*pPISSNOSTP 3JIB JOIIS JO S§30IN0S

37 JO SWOS -UO DUTA 3Q3 JNOUTM DUB Y3 TM SUOT3BTTTOSO JO £8O3p JO 338X SWT} 342

3AT9SCO O3 pO® ‘a3BV[LIOSO 03 2IF ST 3T 38Y3F OS T2POW 3YL JUNOW O3 ST PISU poylam

a3y} 3®Y3 PIUMSS® ST 3] °TAUUN] PUTM B UF ITFSsTw Suruupds-uou B JO A3TTTqe’s
9713815 PUB OTweukp JO UO4EBUTEISLSP 9U3 JO UOTSSNOSTP 3I0oys ® ST Jaded sTqy

qx0dsy QEIATSSYIONA

OHT*TT°0T2S "ON OSWO ‘600-£0-¢0§ "ON foId VT

e T96T 2une 2GET “ON 3roday omsy THE
S TasulpoIsy

- ITTSS BurmuTds-aoy

symswamswa - K3TTTA¥IS

CATATSSYIONN

WIS T L

SINAWDMNSVEN AITTIAVIS OTWVRAQL

9dV ‘S311078BI0Q¥] UOIB3S9Y IIISTITRE
“ON UOTSSa00Y o

| gqusmeamsean - L3 TTTQBIS

|

(-

*PIITAISTY SIB JOIX JO S3VAN0T

943 JO WO ‘U0 PUTA 3W3 INOUITA PUB QIFM SUOTBIIEISO JO KBIIDP JO ajmI ImWi3 23

SAI3Sq0 O3 PUB ‘23BTTTOSC O3 33IF ST 3T 38q3 OS [IPOW 543 JUACW O3 ST Pasn pouau

51 1YL DSUMSSB ST 2] ' TSUUNY PUATA W UT STISSW Buruvrds-uou B JO A}TTTAEYS
07383S PU®R JTWEUApP JO UO[}BUTWISYISP 33} JO UOFSSNOSTP 3Joys B ST .1aded styj

qxoday QETIJISSYTONN
04T TT'0T2S *ON NSWO ‘600-£0-£0§ °*ON foid va
SOT3STIS308IE 2 T96T sunf  2GET "ON 3r0day owsW THE
O TwEuApoIay TS T T

- 9TT9STm Jut ds-uoN ’ 3
U il SINANMASYAN XLITIAVIS OIWVNAQ
Ddy ‘£9TJI038I0Q¥] UODJIBISSY OJT4STITTRL

CEATATSSVIONN *ON GOTSSa20Y av

S —

3
3

i

1

‘PISSNUSTP 3J¥ IOII3 JO SIVINOS ]
3y1 JO SWOS TUO DUIA U INOUIIM PTB GIIAM SUOTIWITFOSO JO £633D JO 33BI SWTl 3G
SAI3SQO O PUB “93UTTIOSC O3 33iF ST 3T 348U OS [IPOW 33} }UNOW O3 ST DPISN DOUPIE

oY} 7BYY POWNSSB ST 4]  C[2UUNG DUTA B UT ITFSSTH Jurtuurds-uou B JO A3TTTFQB3S
2T1VIS PUB OTWBUAD O UOTIBUTWLISNSPD 3Y3 JO UOTSSNOSTP 3.I0US 8 ST Iaded STYL

3x0day QITIAISSVIONN

ONT TT 0TS "ON JSWO “600-¢0-¢0S "ON foid iy

"

S0T1STIOBITYD T96T sunf gG¢T "ON 3Iodsy OwsW THE

3 TWBUApPOIAY

~ 9TTssTm Juruuids-uoN

3juawaanseap - A3TTTABIS
CHIAISSYTONN

@S T L

STNAWRMNSVIW. XLTTIEVIS ODAVRAQ

0dV ‘83TJ03BIOQET UYOIBISSY O3SELTSL
*ON UOTSS320Y av




|
|
*
|
*POSSNOSTP 918 JOII3 JO §39IN0S | *PassSnNOSTpP 3JB8 JOIID JO 832JNOS
3q3 JO SWO§ UO PUTA 3G} FNOUITA PUS UITA SUOTIBTITOSC JO ABOID JO 93BI SWTG 2y3 31 JO SWOS "UO PUTA 343 INOURTA PUB U3TA SUOTIBITFISO JO A8O3p JO 33BI 3WTE U3
9AI3SQ0 03 pue ‘33BTTTOSO 03 33IF ST 3T 3¥Y3 OS [IpOW ayj 3UNOW O ST PIsn poyjamw| SAIISQO 03 pus €33BITTOSO 0% 33IF ST 3T 3BU3 OS TIPOW 3Y3 3UNOW 03 ST Pasn poyjzam
3y3 39y} paunss® ST 3] °T[SUuUN} PUTA ® UF STFSsTu Fupuurds-uou ® JO A3TTIQBIS | 2y3 3°Y3 poumss® ST 3I °TAUUN3 DPUTA 8 U aTIssTm Jupuupds-uou 8 JO A3FTTQEIS
973%3S pPUB OTWEUAP JO UOT}BUTWLIILSP 3Y3 JO UOFSSNOSTp Froys ® ST Jaded sTUL 074838 puv STweUAp JO UOTAVUTWLISLSD 3y} JO UOTSSNOSTP 3I0ys ® ST Jaded sTUL
!
q10day QEILTISSYIONA | 320dsy QETJAISSVIONA
OfT*TT0T2S *ON OSWO ‘600-¢0-¢0g *ON: foxd V| OHT"TT 0TS "ON OSWO ‘600-£0-¢0S "ON foxd va
| |
9973975930818 TO6T aunf 2G¢T *ON xodsy omaW gae ST LIRS T96T aunp 2GCT "ON 3I0dsy owsW THH
° v e o] dTwBUApOIaY .
- arrssTwm Furuupds-uoN - @S T _H.w - aTrss™m Buruurds-uoN WIS T L
squsmaanssap - A3TTTAEIS SINAWHNS VAN ALITIEVLS OIWNVNAQ ! SyuowameBaN - AITIA®IS SINININSVIN ALTIIEVLIS OIWYNAQ
0dy SaTJI03BIOQE] QOJIBISaY OTISTIT®S ! 5dV ‘S9T7I038I0QE] UOIBISSY OTASTITed
CELIISSVIONN *ON UOTSSa0IY av| QETATSSYIONN *ON UOTSSaddY av
|
|
|
|
“,,
*PIsSsSNISTP aJdB JIOJII3 JO mwuhﬁomm “PasSsnNIOSTP 3J8 JIOII3 JO S3dJInos

3g3 JO WO -UO PUTA SU3 JNOUFTM PUB UM SUWOTFBLLTOSC JO ABOIP JO 33BI 2WE3 mni 3y3 JO SWOS U0 DUTA 343} NOUIFM PUB YITM SUOTRETFOS0 JO £BISD JO 93BI JwWl3 U3
_ 39AI3SQO 02 TUB ‘23BTTTOSO 03 93IJ ST 3T 38U} OS TSPOW aY3 3UNOW 0F ST PIsn pPOyjaWl, dDAIISQQ O3 PUB ‘23BT[TOSO 03 33IF ST 3T 3BUT OS [POW 3U} 3UNOW 03 ST Pasn pog3am

_ 5q3 3¥U3 DIUNSS® ST 3I TAUWNG DU B U STFSSTW Butuujds-uou B JO A3TTTABIS| 2y} 3¥Y} psunsss ST 4] TIUUNE PUfA B UT IT}SsTR Suruurds-ucu ® JO L3TTTQRIS
073835 PUB OJwEUAP JO UOTHBUTILISLAIP Y3 JO UOTSSNOSTP 2I0ys ® ST iaded sTUL 273838 DPUB OTWBUAP JO UOT}BUTWIS}3P aY3} JO UOTSSNISTP I0US ® ST Iaded STUL

310day CEATATSSVIONN | 310dsy QATAISSVIONN

| OfT TT'0T2S 'ON JSWO ‘600-£0-¢0S °*ON {oxd va| OnT TT°0TeS "ON OSWO ‘600-€0-¢0§ “ON [oxd va
{ |
|

SOT3STI230RI8YD T96T auny  2GCT *ON 3xoday ouman ,Hmm_, SOTAS TIAL0BLHYD T96T awmp 2G¢T "ON 3I0dey owsW THH

o Tmeukpotay . STwsuApoIay o ool

- aTTssTw Furuupds-uoN wms 1 H._ - oTTssTm Buruwrpds-uoly WS T "L

| gjusmweans®ap - £3TTIQ®IS ) SLNIAMNS VAN ALTTIAVIS OTWVNAT| oo omamesay - A3 FTTQ93S STNENTMNS VEN. XLTTIEVIS OIWVNAQ

_ odV ‘99TI03BIOQW] UOIBaSOY OTISTITT®E | 94V ‘37I03BIOQET YOIBIS3Y OTSFITed

_ CITATSSVIONN *ON UOTSSa00Y Q<._, EITAISSVIONA *ON UOTSSa0dY av|

— S— ——— e S eles J




